Background {#Sec1}
==========

Interaction between cancer cells and stromal cells is essential for cancer invasion and metastasis, however, the mechanism of interaction remains unclear. Invasion and metastasis of cancer cells require remodeling of the matrix surrounding the cancer cells. Fibroblasts present in the stroma are mainly responsible for producing the matrix metalloproteinases (MMPs), which play a central role in remodeling of the matrix \[[@CR1]\]. Extracellular matrix metalloproteinase inducer (emmprin), a protein expressed in most tumors, plays an important role in regulating production of MMPs from fibroblasts \[[@CR1]--[@CR6]\]. Emmprin is a multifunctional protein that is expressed in reproductive cells, brain, eyes, and muscle, and play roles in immunity and reproduction in addition to its role in cancer \[[@CR6]--[@CR9]\]. Emmprin is coded by a gene present on p13.3 of chromosome 19, and it has 10 exons. Emmprin is a member of the immunoglobulin (Ig) superfamily, with two extracellular immunoglobulin-like domains and three conserved asparagine (N)-glycosylation sites and a molecular weight of 31--65 kDa, depending on the extent of the glycosylation \[[@CR1], [@CR6], [@CR7], [@CR10]\].

The first extracellular Ig domain of emmprin is required for inducing MMPs production from fibroblasts; N-glycosylation is also essential for activity \[[@CR1], [@CR3], [@CR11], [@CR12]\]. Moreover, we have previously reported that MMP-2 production from fibroblasts is induced by emmprin's first Ig domain (ECI) peptide, when substituted with chitobiose (the disaccharide with which N-glycosylation starts) \[[@CR13]\]. Gelatinase A (MMP-2) is the most abundant MMP in the tumor stroma and contributes to tumor invasion \[[@CR14], [@CR15]\]. However, to date, emmprin receptors on fibroblasts have not been confirmed, and the detailed mechanism of regulation of MMP-2 production is unknown. Previously, we reported that synthetic peptides carrying a partial ECI construct of emmprin sequence without chitobiose could inhibit emmprin activity. Four peptides were synthesized, each consisting of 20--23 amino acids and corresponding to about one fourth of the full length ECI sequence of the emmprin molecule. Only the second peptide (emp\#2), which contains a putative N-glycosylation site sequence, inhibited emmprin-stimulated production of MMP-2 in co-cultures of fibroblasts \[[@CR16]\]. As a hypothetical mechanism of emp\#2 peptide inhibition of MMP-2 production from fibroblasts, it was proposed that binding of other proteins with emmprin is inhibited in the presence of emp\#2 peptide. In other words, our findings suggested the formation of a complex with homophilic or heterophilic cis- or trans- interactions between emmprin molecules within the plasma membrane or between emmprin and an unidentified cell surface molecule(s).

In this study, we identified new molecules which formed a complex with emmprin in co-cultures of tumor cells and fibroblasts and analyzed whether these molecules were involved in the regulation of MMP-2 production.

Methods {#Sec2}
=======

Cell culture {#Sec3}
------------

Epithelioid sarcoma cell line FU-EPS-1 and immortalized human dermal fibroblast ST353i was established in our laboratory \[[@CR17], [@CR18]\]. These cell lines were maintained in D-MEM/Ham's F-12 (Wako, Tokyo, Japan) growth medium, supplemented with 10% fetal calf serum (FCS), streptomycin (50 μg/ml), and penicillin (50 U/ml).

Co-culture experiments {#Sec4}
----------------------

Co-culture experiments were performed as previously described \[[@CR9], [@CR13], [@CR19]\] using fibroblasts (ST353i) and tumor cells (FU-EPS-1). Inhibition experiments in co-cultures using anti-CD73 blocking antibody (7G2, Abcam, Cambridge, UK, 1100) were performed as described previously \[[@CR16], [@CR20]\]. For the co-culture experiments employing CD73 specific inhibitor adenosine 5′-(α,β-methylene) diphosphate (APCP), co-cultured cells were incubated at 37 °C for 24 h to 7 d with 20, 40 and 80 μM of APCP.

BS3 crosslinking {#Sec5}
----------------

FU-EPS-1 and ST353i were co-cultured at a ratio of 1:1. The conditioned medium was replaced with 0.2% lactalbumin enzymatic hydrolysate containing serum-free medium after three washes with serum-free medium on day 2 and day 5. The cells were incubated with 3 mM BS3 (bis (sulfosuccinimidyl)suberate) solution for 30 min at room temperature. After removing the BS3 solution, free primary amine (10 mM tris pH 7.4, 2 x protein inhibitor) was added for 5 min to stop the cross-linking reaction.

Immunoblotting {#Sec6}
--------------

SDS-PAGE and immunoblotting were performed using 4--15% gradient gel (Bio-Rad, Hercules, CA) and antibodies against emmprin (mouse monoclonal, R&D System, Flanders, NJ), anti-CD73 (rabbit monoclonal, Cell Signaling, Danvers, MA), MMP-2 (monoclonal antibody, Daiichi Fine Chemical, Toyama, Japan) and MT1-MMP (Millipore, Bedford, MA). After electrophoresis, the proteins were transferred to an immobilon membrane (Millipore). Non-specific sites were blocked using 5% dry fat milk in Tris Buffered Saline (TBS) at 37 °C for 1 h and the membrane was incubated overnight at 4 °C with the primary antibody. After washing with TBS-T (TBS containing 0.05% tween 20), the membrane was incubated for 1 h with peroxidase-conjugated secondary antibody. Color was developed with chemiluminescence reagents according to the manufacturer's instructions (PerkinElmer,Waltham,MA).

Immunoprecipitation {#Sec7}
-------------------

Cell lysates (1 ml) were incubated with 2 μg anti-emmprin antibody (goat polyclonal antibody, R&D System), or anti-CD73 antibody (rabbit monoclonal, Cell Signaling) for 3 h. Protein G Sepharose (GE Healthcare, Chicago, Illinois) was used to immunoprecipitate proteins linked to the primary antibody overnight at 4 °C. After five washes with lysis buffer, bound proteins were eluted with 2 x sample buffer and subjected to immunoblotting.

Mass spectrometric analysis {#Sec8}
---------------------------

Following complexation of emmprin with membrane proteins using cross-linker (BS3) in FU-EPS-1 cells, the lysates were subjected to immunoprecipitation and immunoblotting. Three bands detected in co-culture of tumor cells and fibroblasts (75--100 kDa, 100--140 kDa, and 220 kDa) and a single band (220 kDa) detected in tumor cells alone were analyzed (Additional file [1](#MOESM1){ref-type="media"}: Figure. S1A and B). Mass spectrometry (MS) analysis was performed using the excised sample (identical molecular weight bands which reacted with anti-emmprin antibody in BS3 treated and BS3 non-treated samples). Shotgun proteomic analyses were performed using a linear ion trap-orbitrap mass spectrometer (LTQ-Orbitrap Velos, Thermo Fisher Scientific, Waltham MA) coupled with a nanoflow LC system (Dina-2A, KYA Technologies, Tokyo, Japan) as previously described \[[@CR21]\]. Proteins were identified by querying MS and MS/MS data against the RefSeq (National Center for Biotechnology Information) human protein database using Mascot (Matrix Science, London, UK).

Transient knockdown using RNA interference {#Sec9}
------------------------------------------

Small interference RNA (siRNA) sequences were used for transient knockdown of CD99, CD73 and emmprin mRNA. siRNAs targeting the CD99 (Invitrogen, Carlsbad, CA), CD73 (Invitrogen) and emmprin (Invitrogen, Carlsbad, CA) were transfected in FU-EPS cells using Lipofectamine transfection reagent in Opti-MEM media (Thermo Fisher Scientific) in the absence of serum and antibiotics according to the manufacturer's instructions. Knockdown of CD99, CD73 and emmprin expression in cells was analyzed by immunoblotting. Each siRNA was transfected into fibroblasts and tumor cells separately, and transfected cells were used for co-culture experiments.

Enzyme-linked immunosorbent assay (ELISA) {#Sec10}
-----------------------------------------

After 48 h of incubation, conditioned media were collected from ST353i alone or FU-EPS-1 and ST353i co-cultures and the expression of MMP-2 was measured using the Total MMP-2 Quantikine ELISA Kit (sensitivity: 0.082 ng/ml) according to the manufacturer's specifications (R&D Systems, Minneapolis, MN). All assays were performed in triplicate and statistical analyses were performed using Student's t-test.

Zymography {#Sec11}
----------

Gelatinolytic activities in conditioned media were demonstrated using gelatin as a substrate, as described previously \[[@CR19], [@CR20]\]. We measured the enzymatic activity of pro-MMP-2 using the commercially available Gelatin-Zymography kit (Cat.No.AK47-COS, Cosmo Bio, Tokyo) by following the protocols supplied by the manufacturer. The enzyme activity was detected as a clear band on the resulting blue background of undigested gelatin.

In situ proximity ligation assay (PLA) {#Sec12}
--------------------------------------

In situ PLA was used to assess protein-protein interactions. Cells grown on 8-well culture slides (Nunc Lab-Tek chamber Slide System, ThermoFisher scientific), were immediately fixed and subjected to in situ PLA using the Duolink detection kit (Sigma-Aldrich, St. Louis, MO) according to the manufacturer's instructions and described previously \[[@CR22]\]. After blocking, slides were incubated with mouse anti-Emmprin (1:100; R&D) or rabbit anti-CD73 (1:100; GeneTex, Irvine, CA) primary antibodies. For isotype controls, the primary antibody was substituted with either mouse (emmprin) or rabbit (CD73) IgG. To analyze the results, we used a Duolink ImageTool to obtain objective quantification of PLA signals.

Immunohistochemistry {#Sec13}
--------------------

Four-micrometer thick paraffin-embedded sections were deparaffinized and heated in a microwave oven (700 watts) for 10 min to expose antigens in a 10 mM Na-citrate buffer, followed by blocking in 3% hydrogen peroxide solution. The sections were incubated with anti-emmprin (mouse monoclonal, R&D, 1:200) and CD73 (rabbit polyclonal, Abcam, 1:100) antibodies at 4 °C overnight. The exposed antigen was detected using EnVision reagent conjugated horseradish peroxidase (Agilent, Santa Clara, CA). The reaction was identified with DAB and counterstained with Mayer's hematoxylin. The staining results were evaluated semi-quantitatively by two independent observers. Immunostaining was considered negative if the percentage of stained tumor cells or stromal cells was \< 10%. In specimens considered positive, staining of the cells was quantified on a scale of 1--4 based on the percentage of positive cells. The scale was structured as follows: 1+, 10--25% of cells positive; 2+, 25--50% of cells positive; 3+, 50--75% of the cells positive; 4+, \> 75% of the cells positive. CD73-close and CD73-distant staining score were means of three high power fields of view. CD73-close included stromal cells positioned close to the tumor cells, and CD73-distant were those most distant from the tumor cells in the same slides.

Immunofluorescence {#Sec14}
------------------

Tumor cells and fibroblasts grown on 8-well culture slides for 48 h were fixed in 4% paraformaldehyde at 4 °C for 30 min, and permeabilized with 0.1% Triton X-100 in phosphate-buffered saline. After blocking with Image-iT FX Signal Enhancer (Invitrogen) for 1 h at room temperature, the slides were incubated with anti-emmprin (mouse monoclonal, R&D; 1:100) and anti-CD73 (rabbit polyclonal, abcam; 1:100) antibodies at 4 °C overnight. Secondary antibodies and mounting medium were anti-mouse IgG Alexa594 (Invitrogen), anti-rabbit IgG Alexa488 (Invitrogen), and Mounting Medium with DAPI (Abcam). Images of cells were captured using an Biozero BZ-8000 (Keyence, Osaka, Japan).

Statistical analysis {#Sec15}
--------------------

Quantitative data are presented as mean ± standard deviation (SD) and were analyzed using the Student's t test. A *p* value \< 0.01 was considered indicative of statistical significance.

Tissue samples {#Sec16}
--------------

The study material comprised 10 epithelioid sarcoma samples from two males and eight female patients (age range: 22--81 y; mean: 61 y) obtained from the soft tissue tumor file of the Department of Pathology, Fukuoka University Hospital, between 1995 and 2015. Use of anonymous and redundant tissue is part of the standard treatment agreement with patients in our hospital when no objection has been expressed.

Results {#Sec17}
=======

Identification of molecules which form a complex with emmprin by MS analysis {#Sec18}
----------------------------------------------------------------------------

Proteins extracted from co-culture of tumor cells and fibroblasts, that had been cross-linked with BS3, were immunoprecipitated using anti-emmprin antibody and subjected to immunoblotting. Proteins from molecular weight regions of 75--100, 100--140, and 200 kDa were extracted from the gel (Additional file [1](#MOESM1){ref-type="media"}: Figure. S1A) and subjected to MS analysis. A total of 130, 149, and 234 proteins were identified by MS analysis in these molecular weight regions. Overlap in the proteins obtained by a total of four MS analyses, including the proteins from tumor cells alone (molecular weight region of 220 kDa, Additional file [1](#MOESM1){ref-type="media"}: Figure. S1B) analyzed in the same way, is shown in Fig. [1](#Fig1){ref-type="fig"}. Emmprin was detected in all four analyses. CD73 and CD99, detected in all three analyses of co-cultured tumor cells and fibroblasts, were the target proteins selected for this study. Fig. 1MS analysis of emmprin complexes identified CD73 and CD99. Proteins forming complexes with emmprin were identified from cancer cells alone or from co-cultures of cancer cells and fibroblasts, and were analyzed by immunoprecipitation, cross-linking, and mass spectrometric (MS) protein identification. A total of 548 protein molecules were identified using MS. Overlap between proteins identified in different conditions (tumor cell only or three molecular weight regions under co-culture conditions \#1--3) is shown. CD73 and CD99 identified in the overlap of all three co-culture conditions were selected for investigation of their effect on regulation of MMP-2 production

Both CD73 and CD99 form a complex with emmprin {#Sec19}
----------------------------------------------

Complex formation with emmprin was confirmed by using immunoprecipitation and immunoblotting. When immunoprecipitation was performed with emmprin or CD99 antibodies, and immunoblotting was carried out with either one of these antibodies, unique bands in the lane treated with BS3 were noted in the vicinity of 102 kDa and 76 kDa (Fig. [2](#Fig2){ref-type="fig"}a), suggesting the formation of an emmprin and CD99 complex. When immunoprecipitation was carried out in the same way with emmprin or CD73 antibodies, and immunoblotting was carried out with either one of these antibodies, a unique band in the lane treated with BS3 was noted in the vicinity of 225 kDa (Fig. [2](#Fig2){ref-type="fig"}b), indicating the formation of a complex of emmprin and CD73. Fig. 2CD99 and CD73 form complexes with emmprin. **a** Complex formation between emmprin and CD99 was identified by immunoprecipitation and immunoblotting, performed in co-cultures of tumor cells and fibroblasts. Arrow indicates emmprin-CD99 complex. **b** Complex formation between emmprin and CD73 was identified by immunoprecipitation and immunoblotting, performed in co-cultures of tumor cells and fibroblasts. Arrow indicates emmprin-CD73 complex.

CD73 and CD99 are expressed in both tumor cells and fibroblasts {#Sec20}
---------------------------------------------------------------

Using immunoblotting, CD99 and CD73 were expressed by both tumor cells and fibroblasts, when cultured separately (Fig. [3](#Fig3){ref-type="fig"}). CD99 showed high expression in fibroblasts. No apparent increase was observed in expression of CD99 or CD73 upon co-culture of the tumor cells and fibroblasts. Fig. 3CD99 and CD73 expression in tumor cells, fibroblasts and their co-culture. Both CD99 and CD73 were expressed in tumor cells and fibroblasts. CD99 was expressed at a higher level in fibroblasts than tumor cells. CD73 showed equivalent expression in fibroblasts (ST353i) and tumor cells (FU-EPS-1)CD99 (32 and 25 kDa), protein was extracted from membrane preparations; CD73 (70 kDa) protein was extracted from total cell lysate.

CD73 regulates the production of MMP-2 from co-cultures of sarcoma cells with fibroblasts {#Sec21}
-----------------------------------------------------------------------------------------

Experiments using siRNA were performed to investigate whether CD99 and CD73 were associated with the regulation of MMP-2 production from co-cultures of sarcoma cells with fibroblasts. Expression of CD99 and CD73 was suppressed using CD99 or CD73 siRNA in co-cultures of sarcoma cells with fibroblasts (Fig. [4](#Fig4){ref-type="fig"}a-c). MMP-2 was not detected in the cell supernatant of tumor cells alone, and the expression of MMP-2 in the supernatant during co-culture was increased, compared with that in the culture of fibroblasts alone. No suppression in MMP-2 expression was observed when CD99 was suppressed by using siRNA. However, MMP-2 production in the supernatant was suppressed in co-culture, by suppressing the expression of CD73 via siRNA (Fig. [4](#Fig4){ref-type="fig"}b). MMP-2 production in co-cultures of tumor cells with fibroblasts were also suppressed by emmprin siRNA induction (Additional file [2](#MOESM2){ref-type="media"}: Figure. S2). MMP-2 production was also determined by using ELISA (Fig. [4](#Fig4){ref-type="fig"}c). As in the results of immunoblotting, MMP-2 production from the fibroblasts detected by ELISA was increased during co-culture, compared with that in the culture of fibroblasts alone, and production of MMP-2 from co-culture was significantly decreased by using CD73 siRNA. These results showed that CD73 regulates MMP-2 production from fibroblasts. These 68-kDa MMP-2 band in the Fig. [4](#Fig4){ref-type="fig"} corresponds to the molecular mass of the pro-form of MMP-2 \[[@CR23]\], and we also confirmed the pro-MMP-2 gelatinolytic band using zymography (Additional file [5](#MOESM5){ref-type="media"}: Figure. S5A). On the other hand, the tumor cells expressed membrane-type1 MMP (MT1-MMP), the physiological activator of proMMP-2 (Additional file [5](#MOESM5){ref-type="media"}: Figure. S5B). Fig. 4Knockdown of CD73 in co-culture or fibroblasts reduced of MMP-2 production from fibroblasts. **a** CD99 siRNA (0.02 pmol/μl) treatment causes knockdown of CD99 expression (32 and 25 kDa) in co-culture of tumor cells (FU-EPS-1) with fibroblasts (ST353i). Protein was extracted from membrane preparation. No reduction of MMP-2 production in conditioned medium in co-cultures of tumor cells with fibroblasts was observed upon siRNA mediated CD99 knockdown in co-cultured cells. **b** CD73 siRNA (0.01 pmol/μl) treatment causes knockdown of CD73 expression in co-culture of tumor cells (FU-EPS-1) with fibroblasts (ST353i). Protein was extracted from whole cell lysate. Reduction of MMP-2 production in conditioned medium was observed upon siRNA mediated CD73 knockdown in co-cultures of tumor cells with fibroblasts. **c** Enzyme-linked immunosorbent assay (ELISA) of MMP-2 in conditioned medium of fibroblasts, tumor cells, and co-cultured cells. These co-cultured cells were transfected with CD73-specific or control siRNA. MMP-2 production from co-cultured cells decreased significantly in CD73 transfected cells. \**p* \< 0.01

CD73 is co-expressed and co-localized with emmprin {#Sec22}
--------------------------------------------------

With respect to the localization of CD73 and emmprin, the possible co-expression of these molecules on the cell was analyzed using fluorescent immunostaining. Fibroblasts showed predominant CD73 expression with faint emmprin expression, as detected by fluorescent immunostaining (Fig. [5](#Fig5){ref-type="fig"}a). In the tumor cells and in co-culture, emmprin was expressed on the membrane, and expression of CD73 was seen in both the cytoplasm and membrane; expression of both proteins was observed on the same cells (Fig. [5](#Fig5){ref-type="fig"}b, c). Green arrows indicate fibroblasts only expressing green florescence (CD73), while yellow arrows point to tumor cells expressing yellow, which are a mixed florescence signal of red florescence (emmprin) and green florescence (CD73). Upon suppressing the expression of CD73 by siRNA, only the expression of emmprin remained on the cell membrane (Fig. [5](#Fig5){ref-type="fig"}d). Fig. 5Colocalization of emmprin/CD73 detected by immunofluorescent staining and in situ proximity ligation assay. Cytoplasmic CD73 (green) expression was observed in fibroblasts, tumor cells and co-culture cells. Membranous emmprin expression (red) was observed in tumor cells and co-cultured cells. Nuclei were stained with DAPI (blue). CD73 and emmprin were colocalized in tumor cells (**b**) and co-cultured cells (**c**). The green arrow points to fibroblasts expresssing green florescence (CD73); The yellow arrow points to tumor cells expressed yellow florescence (emmprin and CD73) (**c**). CD73 siRNA treatment causes downregulation of CD73 cytoplasmic expression, although, membranous emmprin expression was retained in co-cultured cells (**d**). The fluorescent red spots observed using in situ proximity ligation assay (PLA), indicating protein-protein colocalization in cells, confirmed the interaction between CD73 and emmprin. The detected dimers (emmprin/CD73) are represented as red dots in co-cultured cells (**g**). In cells transfected with CD73 siRNA prior to in situ PLA for emmmprin-CD73 interaction, CD73 siRNA treatment caused downregulation of red dots (**h**). Immunofluorescent staining, IF (**a**-**d**); In situ proximity ligation assay, PLA (**e**-**h**); fibroblast only (**a**, **e**); tumor cell only (**b**, **f**); co-culture (**c**-**d**, **g**-**h**)

A PLA signal is detected as a red dot when the recognition sites of two antibodies are in close proximity, making it possible to verify whether two proteins are co-localized. In our case, PLA experiments were performed using antibodies for CD73 and emmprin. With fibroblasts alone, there was no observable signal (Fig. [5](#Fig5){ref-type="fig"}e). A PLA signal was detected with tumor cells alone (Fig. [5](#Fig5){ref-type="fig"}f) and under co-culture conditions (Fig. [5](#Fig5){ref-type="fig"}g). Furthermore, a much stronger signal was obtained under co-culture conditions than with tumor cells alone. When CD73 was suppressed by siRNA, PLA signals were inhibited (Fig. [5](#Fig5){ref-type="fig"}h). The PLA signals were quantified by using Image Tool analysis, which confirmed that the signal intensity was clearly decreased by CD73 siRNA vs. control siRNA (Additional file [3](#MOESM3){ref-type="media"}: Figure. S3).

These results show that in tumor cells or in co-cultured fibroblasts and tumor cells, CD73 and emmprin are co-expressed and co-localized.

CD73 suppresses MMP-2 production via non-enzymatic activity {#Sec23}
-----------------------------------------------------------

CD73 has enzyme activity to convert adenosine monophosphate (AMP) to adenosine. CD73 also possesses non-enzymatic activity \[[@CR24], [@CR25]\]. We investigated whether the enzymatic activity of CD73 is responsible for the suppression of production of MMP-2. α,ß-methyleneadenosine 5′-diphosphate (APCP) is a specific inhibitor of CD73, which specifically inhibits CD73 enzymatic activity to converting ADP to adenosine. Co-cultured fibroblasts and tumor cells were treated with APCP at a concentration of 20--80 mM. No differences were seen in the levels of MMP-2 in the cell supernatant in the presence or absence of APCP (Fig. [6](#Fig6){ref-type="fig"}a). By contrast, upon adding anti-CD73 neutralizing antibodies to co-cultured fibroblasts and tumor cells, MMP-2 production in the supernatant was clearly suppressed, compared with the control (Fig. [6](#Fig6){ref-type="fig"}b). These data show that MMP-2 production from fibroblasts is suppressed by anti-CD73 neutralizing antibodies (Fig. [6](#Fig6){ref-type="fig"}b) and CD73 siRNA (Fig. [4](#Fig4){ref-type="fig"}b, and c), and not by APCP (Fig. [6](#Fig6){ref-type="fig"}a), indicating that suppression of MMP-2 production by CD73 is via its non-enzymatic activity. Fig. 6Effects of CD73 specific inhibitor APCP and CD73 neutralizing antibody on MMP-2 production in co-cultured cells. **a** MMP-2 production in conditioned medium from co-cultured cells was not reduced by addition of 20--80 μM CD73 specific inhibitor adenosine 5′-(α,β-methylene) diphosphate (APCP). **b** Use of CD73 neutralizing antibody demonstrates apparent inhibition of MMP-2 production in conditioned medium from co-cultured cells, while control IgG did not cause any inhibition

Co-expression of emmprin and CD73 in vivo {#Sec24}
-----------------------------------------

In vivo expression of emmprin and CD73 was investigated by using immunohistochemistry and fluorescent immunostaining. Staining was performed using paraffin-embedded sections obtained from cases of epithelioid sarcoma patients. Epithelioid sarcoma is characterized by the proliferation of epithelioid tumor cells with enlarged round to oval nuclei, accompanied by proliferation of surrounding stromal cells that are mainly fibroblasts (Fig. [7](#Fig7){ref-type="fig"}a). Immunohistochemistry and immunofluorescent immunostaining data shows that the cytoplasm and membrane of tumor cells and the stromal cells surrounding the tumor cells were both positive for CD73 (Fig. [7](#Fig7){ref-type="fig"}b, and e) and that the membrane of the tumor cells were positive for emmprin; however emmprin was not expressed in the stromal cells (Fig. [7](#Fig7){ref-type="fig"}c and f). Double immunofluorescence immunostaining confirmed that emmprin and CD73 are co-expressed on the tumor cells. The green arrow indicated fibroblasts only expressing green florescence (CD73), while the yellow arrow indicates tumor cells expressing yellow, which is a mixed florescence signal of red florescence (emmprin) and green florescence (CD73) (Fig. [7](#Fig7){ref-type="fig"}d). Similar results were obtained in all immunostained tumors. Overall, emmprin and CD73 were both highly expressed in tumor cells. Furthermore, high expression of CD73 was seen in the stromal cells surrounding the tumor cells (Additional file [6](#MOESM6){ref-type="media"}: Table S1, Additional file [4](#MOESM4){ref-type="media"}: Figure. S4). These results show that, as observed in in vitro results, emmprin and CD73 are also co-expressed in tumor cells in vivo. Fig. 7Expression of CD73 and emmprin in epithelioid sarcoma. The hematoxylin and eosin (H&E) section shows proliferation of severely atypical polygonal cells with enlarged hyperchromatic nuclei, forming irregular nests, accompanied by fibroblastic cells and fibrous stroma (**a**). Immunohistochemical (**b**-**c**) and fluorescent immunohistochemical (**d**-**f**) expression of CD73 and emmprin in epithelioid sarcoma specimen was examined. Both tumor cells and surrounding stromal cells were positive for CD73 (**b**). Membranous emmprin expression was observed only in tumor cells (**c**). Cytoplasmic CD73 (green) expression was observed in fibroblasts and in tumor cells (**e**). Membranous emmprin expression (red) was observed in tumor cells (**f**). Marger of figures (**e**) and (**f**). The green arrow, indicates fibroblasts expressing green florescence (CD73); The Yellow arrow, indicates tumor cells expressing yellow florescence (emmprin and CD73) (d). CD73 and emmprin were colocalized in tumor cells (**e**). Nuclei were stained with DAPI (blue). Expression of CD73 and emmprin was examined immunohistochemically in a total of ten tumors. All tumors show similar expression pattern (Additional file [6](#MOESM6){ref-type="media"}: Table S1)

Discussion {#Sec25}
==========

In this study, we have for the first time reported that CD73 forms a complex with emmprin and regulates the production of MMP-2 from fibroblasts, although there has been a previous report providing evidence that suppression of CD73 leads to down-regulation of MMP-2 \[[@CR26]\]. Findings of CD73 complexation with emmprin were confirmed by immunoprecipitation, double immunofluorescence staining, and proximity ligation assay. CD73 siRNA and CD73 neutralizing antibody were used to confirm that CD73 regulates MMP-2 production in co-cultures of sarcoma cells with fibroblasts.

Emmprin acts as a receptor for cyclophilins, S100A9 and platelet glycoprotein VI \[[@CR10], [@CR27]\], and also associates tightly with monocarboxylate transporters \[[@CR7], [@CR10], [@CR28], [@CR29]\]. Emmprin forms complexes with GLUT1, CD44 and CD98 on the cell membrane \[[@CR10], [@CR30]\]. Caveolin-1 \[[@CR31], [@CR32]\], MT1-MMP/MMP-14 \[[@CR33]\], AnxA2 \[[@CR34], [@CR35]\], and integrins \[[@CR36]\] have also been identified as binding partners in interactions with emmprin, and are thereby suggested to be involved in the regulation of MMP activity. However, it is possible that there are other emmprin binding partners which have not hitherto been reported.

We performed MS analysis to identify the proteins that bound with emmprin when tumor cells were co-cultured with fibroblasts. CD73 and CD99, detected by overlap in MS analyses of three different co-culture experiments, were selected and each protein was further analyzed (Fig. [1](#Fig1){ref-type="fig"}). The fact that these proteins were detected as conserved proteins in the analysis of three different co-culture experiments indicated that CD73 and CD99 were the proteins that bound most reproducibly with emmprin under conditions of co-culture of tumor cells and fibroblasts. Indeed, CD73 and CD99 were expressed abundantly both in fibroblasts and in tumor cells (Fig. [3](#Fig3){ref-type="fig"}).

CD73 is also known as ecto-5′-nucleotidase (ecto5′-NT). It is mainly present on cell membranes and functions as an enzyme which converts AMP to adenosine; it also has non-enzymatic activity \[[@CR24], [@CR25]\]. CD73 has been shown to be expressed in tumor cells and in the stroma of colorectal cancer \[[@CR37], [@CR38]\], prostate cancer \[[@CR39], [@CR40]\], gastric cancer \[[@CR41]\], breast cancer \[[@CR42]\], ovarian cancer \[[@CR43]\] and squamous cell carcinoma \[[@CR44]\]. Whether high expression of CD73 in cancer predicts poor prognosis or favorable prognosis is controversial, with published reports supporting both outcomes \[[@CR25], [@CR37]--[@CR40], [@CR42], [@CR44]\]. According to our literature review, the expression of CD73 in sarcoma and stromal cells of sarcoma has not been previously reported. In this study, APCP, an inhibitor of CD73's enzymatic activity did not inhibit MMP-2 production from co-culture cells from one (data not shown) to 7 days in a concentration of 20--80 μM (Fig. [6](#Fig6){ref-type="fig"}a). These results signify that inhibition of CD73 enzymatic activity does not effect MMP-2 production from the co-culture cells. These results support the possibility of the importance of emmprin-CD73 interaction that is needed for MMP-2 production, in that CD73 inhibition by siRNA and neutralizing antibody induced the suppression of MMP-2 production from co-cultured cells (Fig. [6](#Fig6){ref-type="fig"}b). The possibility cannot be denied that CD73 neutralizing antibody may disturb the interaction of CD73 and emmprin.

Both CD73 and emmprin were expressed on tumor cells. However, PLA analysis revealed a much stronger signal under co-culture conditions compared with those on tumor cells cultured alone. Thus, trans-manner complex formation between CD73 on fibroblasts and emmprin on tumor cells possibly regulates MMP-2 production from fibroblasts. MMP-2 produced by fibroblasts is pro-form, which is probably activated by MT1-MMP expressed on tumor cells (Additional file [5](#MOESM5){ref-type="media"}: Figure. S5B), leading to promotion of the tumorigenesis of cancer cells (Fig. [8](#Fig8){ref-type="fig"}). Fig. 8A pictorial representation of the interaction between emmprin on tumor cells and CD73 on fibroblasts. Emmprin mainly exists on tumor cells, and CD73 exists both on tumor cells and fibroblasts. Emmprin forms a complex with CD73, and regulates MMP-2 production in co-cultures of tumor cells and fibroblasts. Pro-MMP-2 produced by fibroblasts is probably activated by MT1-MMP expressed on tumor cells

In this study, we analyzed the role of CD73 in cancer using an epithelioid sarcoma cell line and in vivo specimens taken from cases of epithelioid sarcoma, which is a highly aggressive non-epithelial neoplasm. Epithelioid sarcoma is a very rare tumor; however, the tumor cells exhibit an epithelioid morphology. It is therefore relatively easy to distinguish tumor cells from stromal cells in epithelioid sarcoma specimens histologically (Fig. [7](#Fig7){ref-type="fig"}). In these in vivo cases, emmprin was expressed in tumor cells and CD73 expression was observed in tumor cells as well as in fibroblasts (Fig. [7](#Fig7){ref-type="fig"}, Additional file [6](#MOESM6){ref-type="media"}: Table S1). CD73 was more highly expressed in the stromal fibroblasts close to the tumor cells, although the difference was not statistically significant (Additional file [6](#MOESM6){ref-type="media"}: Table S1, Additional file [4](#MOESM4){ref-type="media"}: Figure. S4). As we used biopsy samples, stromal CD73 expression of CD73-close and -distant were examined in the same samples: this was because, during the biopsies, no tissue suitable for use as a control were collected. It is necessary to examines CD73 expression in fibroblasts more distant from the tumor cells in the other tumor specimens. CD73 is expressed in both tumor cells and fibroblasts and emmprin is mainly expressed in tumor cells as shown in in vitro (Figs. [3](#Fig3){ref-type="fig"} and [5](#Fig5){ref-type="fig"}) and in vivo (Fig. [7](#Fig7){ref-type="fig"}). Co-expression of emmprin and CD73 were observed mainly in tumor cells by fluorescent immunostaining (arrows in Figs. [5](#Fig5){ref-type="fig"} and [7](#Fig7){ref-type="fig"}). These results suggest that CD73 and emmprin form a complex at the adhesion site of the tumor cells and adjacent fibroblasts. These findings also suggest the possibility of tumor-stromal interaction associated with CD73 in stromal cells.

CD99 is a transmembrane glycoprotein of 25 kDa and 32 kDa, coded by the gene MIC2 in the short arms of the X and Y chromosomes. CD99 is a marker of Ewing sarcoma and primitive neuroectodermal tumors. Its expression has been confirmed in malignant tumors of hematopoietic neoplasm, synovial sarcoma, solitary fibrous tumors, testicular, ovarian sex cord tumors, and breast cancer \[[@CR45], [@CR46]\]. Ours is the first study to demonstrate formation of a complex between CD99 and emmprin. While the CD99-emmprin complex was detected, inhibition of CD99 expression did not suppress MMP-2 production by fibroblasts. The precise function of the CD99 and emmprin complex is, as yet, unclear. Both CD99 and CD73 were expressed in tumor cells as well as in fibroblasts, although, more abundant expression was observed in fibroblasts than in tumor cells (Fig. [3](#Fig3){ref-type="fig"}). Previously, it has been reported that the expression of CD99 in lung cancer tumor stroma is associated with poor prognosis \[[@CR45]\], which, together with our observation of CD99 with emmprin, suggests the possibility that CD99 also contributes to an interaction between tumor and stroma.

Expression of emmprin has been confirmed in many malignant tumors, and it has been reported to be associated with the progression of cancer \[[@CR6]\]. In some sarcomas, a correlation between emmprin expression in sarcoma cells and prognosis has also been reported \[[@CR18]--[@CR20]\]. Therapeutic options are limited, especially with advanced sarcoma compared to epithelial neoplasms. Our study demonstrated a new insight into the mechanism of sarcoma invasion, that may possibly become a target of therapy.

This study had the following limitations. We demonstrated the complex formation and co-expression of CD73 and emmprin; further, we showed that CD73 was associated with the regulation of MMP-2 production in co-cultures of sarcoma cells with fibroblasts. However, we did not demonstrate directly whether the complex formation of CD73 and emmprin is essential for the regulation of MMP-2 production in co-cultures of sarcoma cells with fibroblasts. We performed this study with the sarcoma cell line FU-EPS-1. However, the finding that emmprin-CD73 interaction regulates MMP-2 production in co-cultures of tumor cells with fibroblasts has also been confirmed using squamous cell carcinoma cell lines obtained from head and neck tumor (data not shown). The function of CD99, which also forms a complex with emmprin, likewise remains unsolved. Clarification of these unclear points will be addressed in further detailed studies.

Conclusions {#Sec26}
===========

In conclusion, using a combination of in vitro co-culture assays, mass spectrometry, and biological/molecular analysis, we demonstrated that CD73 forms a complex with emmprin to regulate the production of MMP-2 from fibroblasts. In vivo studies performed in tumor tissue sections confirmed colocalization of CD73 and emmprin. Inhibition of CD73 by either a neutralizing antibody or an siRNA, suppressed MMP-2 production from fibroblasts. Our study provides a novel insight into the role of CD73 in emmprin-mediated cancer invasion and metastasis.
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**Additional file 1:Figure. S1.** Proteins isolated from membrane preps were subjected to silver staining in SDS-polyacrylamide gels (left) and immunoblotting (right). Mass spectrometry (MS) analysis was performed on the excised gel samples (identical molecular weight bands detected with anti-emmprin antibody in BS3 treated and BS3 non-treated samples). Three bands detected in the co-culture of tumor cells and fibroblasts shown in A (arrow \#1, 75--100 kDa; arrow \#2, 100--140 kDa; and arrow \#3, 220 kDa) and a single band detected in tumor cells alone shown in B (arrow head, 220 kDa) were analyzed. (PDF 64 kb) **Additional file 2:Figure. S2.** Emmprin siRNA (0.02 pmol/μl) treatment causes knockdown of emmprin expression (40-60 kDa) in co-culture of tumor cells (FU-EPS-1) with fibroblasts (ST353i). Protein were extracted from a membrane preparation. Reduction of MMP-2 production in the conditioned medium was observed upon siRNA mediated emmprin knockdown of co-cultured cells. (PDF 45 kb) **Additional file 3: Figure. S3.** Quantification of PLA signals was performed by Image tool analysis (Duolink). (PDF 14 kb) **Additional file 4: Figure. S4.** Representative CD73 expression in the stromal fibroblasts (arrow). CD73-close, close to the tumor cells scale 3+; CD73-distant, distant from the tumor cells scale 1 + . (PDF 138 kb) **Additional file 5: Figure. S5.** A. MMP-2 gelatinolytic activity in fibroblasts and co-culture. Gelatin zymography was performed with culture media collected on day 7 of culture. Bands at 68 kDa correspond to the pro-form of MMP-2. Lane 1, MMP-2 marker; lane 2 fibroblast alone, lane 3, tumor cell alone, lane 4, fibroblast and tumor cell co-culture. MMP-2 Fibroblasts exhibited a weak gelatinolytic band at 68 kDa, while tumor cells did not display any detectable gelatinolytic activities. In co-culture, tumor cells enhanced the gelatinolytic activity at 68 kDa. B. MT1-MMP expression in tumor cells. Tumor cells were immunostained with an MT1-MMP monoclonal antibody, and the resulting 60-kDa band is shown. (PDF 122 kb) **Additional file 6: Table S1.** Immunostaining for emmprin and CD73 in the tumor cells and stromal fibroblasts performed on ten tumors of surgically resected or biopsied epithelioid sarcoma. CD73-close, indicates CD73 expression in stromal cells in proximity to the tumor cells; CD73-distant, indicates CD73 expression in stromal cells distant from the tumor cells. (PDF 19 kb)

CD147; MMP

:   Matrix metalloproteinase

Emmprin

:   Extracellular matrix metalloproteinase inducer

MS

:   Mass spectrometry

PLA

:   In situ proximity ligation assay

siRNA

:   Small interference RNA
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